Introduction
F O F 1 -ATP synthases are the ubiquitous enzymes that catalyze the formation of adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and phosphate. The molecular machines are found in the inner membrane of mitochondria, in the thylakoid membrane of chloroplasts, and in the plasma membrane of bacteria. 1, 2 The multisubunit enzyme consists of two major parts, a membrane-bound F O and a hydrophilic F 1 . In Escherichia coli, the F O part consists of the a-and dimeric b 2 -subunits and a ring of 10 c-subunits. 3, 4 The hydrophilic F 1 part comprises five different subunits with stoichiometry α 3 β 3 γδε. 5 It contains three catalytic and three non-catalytic nucleotide binding sites resulting in an apparently threefold symmetry as shown in Fig. 1 .
F O F 1 -ATP synthase acts as a coupled rotary double motor which transforms electrochemical into chemical energy by mechanical rotation of subunits. 6, 7 In E. coli, a proton concentration gradient across the membrane in combination with an electric potential drives the rotation of the c 10 -ring. 8 Briefly, protons are translocated from the periplasma to the cytoplasma using a entry half-channel in the a-subunit to bind to an empty binding site on an adjacent c-subunit. 9 Neutralizing and reforming the electric charges on the c-subunits induce the rotation of the c-ring, whereas, at the exit half-channel of the a-subunit, proton release from the c-subunit regenerates the negative charge. 10 Stepwise rotary motion of the c-ring has been demonstrated for ATP hydrolysis and synthesis by biochemical methods 11, 12 and, recently, by single-molecule microscopy approaches. 8, [13] [14] [15] [16] Rotation of the c-ring is transmitted to the connected central stalk comprising the γ and ε subunits of the F 1 part. Due to the asymmetric structure of γ rotation causes large conformational changes in the three pairs of αβ subunits which open and close the nucleotide binding sites located at the αβ interface. Each of the αβ pairs is in one of three conformations and rotation of γ is thought to trigger conformational transitions of all three αβ pairs simultaneously during catalysis. 17, 18 A single binding site sequentially changes its conformation or nucleotide binding affinity in the order of 'open' to 'tight' to 'loose' in the case of ATP synthesis. 19 The diameter of the F 1 part is about 10 nm and the conformational changes in the αβ pairs are large enough to be measured as a change in hydrodynamic radius upon nucleotide binding. 20, 21 Strong positive cooperativities for both nucleotide binding and catalytic rates initiated the concept of the binding change mechanism, driven and tightly controlled by the rotation of the γ-subunit in F 1 .
Following biochemical and spectroscopy experiments, 22 the first single-molecule experiments with the isolated F 1 parts provided unequivocal evidence for γ-subunit rotation during ATP hydrolysis. 23 Therefore, a fluorescent actin filament was attached to the γ-subunit with the F 1 part immobilized to a glass surface. Video microscopy showed the rotation of the actin filament in discrete 120 deg steps. Lower ATP concentrations and a smaller marker on γ allowed the resolution of two substeps of 80 and 40 deg during ATP hydrolysis by laser darkfield microscopy. 24, 25 To monitor subunit rotation in the holoenzyme F O F 1 -ATP synthase during ATP synthesis conditions, reconstitution into a lipid bilayer or a lipid vesicle known as a liposome is required. Mixing buffers with different pH and K þ concentrations can be used to generate the appropriate proton motive force to drive ATP synthesis. 26, 27 Thus, an alternative approach was developed to observe subunit rotation and conformational changes in single F O F 1 -ATP synthases in liposomes. The rotation measurement is based on Förster-type resonance energy transfer between two fluorophores covalently attached to specific positions. [28] [29] [30] Rotation is associated with distance changes between the two fluorophores resulting in characteristic fluctuations of the FRET efficiency. In the first experiments, the two fluorophores acting as FRET donor and acceptor were attached to the static b-subunits and the rotating γ-subunit of F O F 1 -ATP synthase. 31 Single enzymes reconstituted in liposomes freely diffused through a confocal laser excitation volume and generated a burst of photons. Within an individual photon burst, FRET efficiency fluctuations indicated three-stepped rotation of γ and ε at high driving forces, the opposite direction of rotation for ATP hydrolysis and synthesis, and asymmetry of catalytic activities or dwell times of the three nucleotide binding sites. Using a similar approach, the step size of the c 10 -ring rotation in F O was determined to 36 deg in ATP synthesis direction. 8 These experiments have shown that the step sizes of the two motors in F O F 1 -ATP synthase have an intrinsic mismatch. It is necessary to answer the questions where and how the enzyme stores elastic deformation energy to accommodate this mismatch. [32] [33] [34] In a first model, it was assumed that the free energy of nucleotide binding is converted into elastic strain with a mechanical efficiency of almost 100 percent. The torque produced in the F 1 part was estimated to 45 pN · nm. The γ-subunit, with its intertwined helices, acts as a torsional spring within F 1 and couples both parts of the enzyme. The spring is loaded in four steps by rotation of the c-ring and releases the tension by liberation of one synthesized ATP molecule. Thus, elastic deformations within the rotor domain are predicted.
To study both rotary motions within a single enzyme simultaneously, we present a new FRET approach with triple-labeled F O F 1 -ATP synthases. To map the elastic deformations by FRET, one fluorophore was attached to the rotary ε-subunit in F 1 and the other to one rotary c-subunit of the F O part. To ensure the overall operation of the two motors during catalysis, a third reference label at the static a-subunit was used. Thus, we could resolve the 120 deg rotation in F 1 as well as the 36 deg steps in F o in one experiment. Conformational changes were expected to result in a sequence of distance changes between these three fluorophores. We developed a duty cycle-optimized alternating laser excitation scheme 35 with pulsed and switched lasers 36, 37 and resolved the degree of elastic deformations within F O F 1 -ATP synthases during ATP hydrolysis and ATP synthesis.
Materials and Methods
For the triple-FRET measurements, three different fluorophores had to be attached specifically to each F O F 1 -ATP synthase. We used genetically introduced reactive cysteines and a fusion of an autofluorescent protein for the labeling procedures. Descriptions of plasmid constructions for the two E. coli F O F 1 -ATP synthase mutants, as well as cell growth conditions, purification and labeling of the enzymes have been published previously. 8, 38, 39 The triple-labeled F O F 1 -ATP synthase has been obtained as follows. Initially, a double mutant with two fluorophores in the membrane-bound F O part comprised a genetic fusion of enhanced green fluorescent protein, referred to as EGFP, to the C terminus of the a-subunit. Thus, each enzyme contained the fluorophore EGFP. At the c-subunit, the double mutant included a reactive cysteine near the N terminus as residue c2-cys, which was labeled with the FRET acceptor Cy5monomaleimide. Labeling of the c-ring with Cy5 was accomplished with detergent-solubilized F O F 1 -ATP synthase. Labeling efficiency of 7.4% was determined by UV-Vis absorption spectroscopy using EGFP absorbance as an internal protein concentration reference. The double-labeled enzymes were reconstituted to an excess of pre-formed liposomes consisting of 90% phosphatidylcholine and 10% phosphatidic acid with a mean diameter of about 150 nm. 8 Secondly, a different F O F 1 -ATP synthase mutant with a reactive cysteine in the ε-subunit had to be used to introduce the third fluorophore specifically. The hydrophilic soluble F 1 part was prepared separately as described. 38 The rotating ε-subunit in F 1 was labeled at residue position 56 with Alexa532maleimide. Finally, the unlabeled F 1 part of the reconstituted double mutant was replaced by an Alexa532-labeled F 1 part. F 1 parts were stripped off in a buffer without Mg 2þ and in the presence of EDTA. Alexa532-labeled F 1 was rebound to F O in liposomes in the presence of Mg 2þ . 31 To control the replacement of F 1 , ATP synthesis rates were measured after every preparation step. The triple-labeled enzymes achieved ATP synthesis rates up to 31 s −1 at 23°C. Aliquots of 2 μl of the reconstituted triple-labeled F O F 1 -ATP synthases were shockfrozen in liquid nitrogen and stored at −80°C until use.
A custom-made confocal microscope setup based on an Olympus IX 71 was used 40, 41 for the triple-FRET measurements with single F O F 1 -ATP synthases. Three different lasers were applied: two fiber coupled picosecond pulsed lasers with arbitrary repetition rates up to 80 MHz at 488 nm (PicoTa 490, Picoquant) and 635 nm (LDH-P-635B, Picoquant) were used, and the third, continuous wave laser at 532 nm (compass 315, Coherent) was switched by a fast acusto optical modulator (AOM type 335-192, Crystal Technologies). All three laser sources were externally triggered and synchronized by an arbitrary waveform generator (AWG 2041, Tektronix) in order to get the required duty cycle-optimized alternating laser excitation scheme as shown in Fig. 2 . The three laser beams were combined to provide a common confocal excitation volume, as illustrated in Fig. 1 , using two dichroic beam splitters (DCXR 488 and DC 540, AHF Tübingen). To determine and adjust the exact position of each of the confocal laser spots, a sample of polychromatic polystyrene beads (transfluospheres 488-635, Molecular Probes) embedded in a thin poly-vinyl-alcohol (PVA) film was used. After scanning an area of 5 × 5 μm 2 using a piezodriven scan stage (P-517.2CD and PiFoc P-725.1CD, Physik Instrumente), the center of one polystyrene bead was determined with a fit algorithm using Gaussians to an accuracy of 20 nm. Subsequently, the alignment of the laser foci was improved.
However, for the triple-FRET analysis, the three dimensional laser foci alignment was not very critical (in contrast to quantitative fluorescence cross correlation spectroscopy), because we probed the FRET changes for enzyme activity with 488 nm excitation qualitatively. If FRET is successfully detected within a photon burst, the FRET-based twisting of the rotor was analyzed quantitatively following 532 nm excitation. Start and end of a photon burst were defined by fluorescence intensity thresholds upon 532 nm excitation.
The confocal volumes were enlarged in order to prolong the observation time of single enzymes by compressing all three laser beam diameters with pairs of lenses. The epi-fluorescent port was used to enter the confocal microscope. Beams were reflected by a dichroic beam splitter (triple-band 488/532/ 633, AHF Tübingen) and focused into the buffer droplet by a water immersion objective (UPlanSApo 60×W, 1.2 N.A., Olympus). Fluorescence passed a 150 μm pinhole and was split into three different detection channels by two consecutive dichroic beam splitters (DCXR 532 and DCXR 630, AHF Tübingen). Photons were simultaneously detected by three avalanche photodiodes (AQR-14, Perkin Elmer). In the first channel, EGFP fluorescence was detected between 504 and 532 nm (HQ 513/17, AHF). In the second channel, Alexa532 fluorescence was detected between 545 and 625 nm (HQ 585/80, AHF). In the third channel, Cy5 fluorescence was detected between 663 and 737 nm (HQ 700/75, AHF). Single photons were recorded with three synchronized TCSPC cards (SPC 153, Becker & Hickl) and in parallel by a multichannel counter card for imaging (NI-PCI 6602, National Instruments). The three different photon time trajectories were analyzed and recombined by the software package "Burst_Analyzer" which was written by Zarrabi. 42 With this program, it was possible to sort the photons into the correct time window associated with the applied excitation laser pulse as shown in Fig. 2 . Photon bursts of triple-labeled F O F 1 -ATP synthases were identified automatically based on intensity thresholds and analyzed manually to identify FRET efficiency fluctuations. 3 Results
Preparation of the Triple-labeled F O F 1 -ATP Synthase
To map the elastic conformational deformations within the rotary double motor of F O F 1 -ATP synthase, two amino acids were specifically labeled with the fluorophores Alexa532 and Cy5 for intramolecular FRET distance measurements.
Alexa532 was attached to the ε-subunit of the F 1 part using a genetically introduced cysteine at residue position ε56.
The position within the enzyme is marked as a green dot in Figs. 1(a) and 1(b). The cysteine mutation in ε had been used previously for single-molecule FRET studies 38, 39, 42 and did not affect the catalytic activity of the enzyme. In our experiments, specificity of labeling was achieved by labeling the F 1 part separately with a labeling efficiency of about 35% according to UV-Vis absorbance measurements. The FRET acceptor Cy5 was attached to one c-subunit in the F O part using the same maleimide-cysteine chemistry. Thus, Cy5 labeling required a different F O F 1 -ATP synthase mutant without reactive cysteines in F 1 . We used our recently described double mutant 8 comprising a cysteine mutation to the c-subunits at residue c2 and the fusion of the EGFP to the C terminus of the proton translocating a-subunit of the F O part. This double mutant exhibited good catalytic activities. Careful substoichiometric labeling conditions with a Cy5: enzyme ratio of about 1∶10 were applied to avoid labeling of multiple c-subunits in a single F O part. The positions of Cy5 in the model of E. coli F O F 1 -ATP synthase are shown as red dots in Figs. 1(a) and 1(b). Importantly, a variety of distances between the Alexa532 position on ε56 and Cy5 on c2 are to be expected because we cannot control which of the 10 c-subunits will be labeled. To obtain the triple-labeled F O F 1 -ATP synthase, the non-labeled F 1 part of the EGFP-Cy5-labeled had to be exchanged by the separately prepared Alexa532-labeled F 1 . Therefore, the EGFP-Cy5-labeled enzymes were reconstituted into liposomes, so that F 1 could be removed through reversible dissociation in the absence of Mg 2þ ions in the buffer. Subsequently, Alexa532-labeled F 1 was re-attached to F O in the presence of Mg 2þ . 31, 38 Unbound excess Alexa532-labeled F 1 was separated and removed by several consecutive ultracentrifugation steps.
Confocal Duty Cycle-optimized Alternating Laser Excitation Scheme for Triple-FRET
Each F O F 1 -ATP synthase contained an EGFP fluorophore. However, only a small fraction of all reconstituted proteins were triple-labeled enzymes. This was limited by the labeling efficiencies for Alexa532 on ε56 and for Cy5 on c2. It was necessary to identify appropriately labeled enzymes in the time trajectories of freely diffusing single proteoliposomes in buffer solution. This was accomplished by alternating laser excitation for each fluorophore in the same confocal volume as shown in Fig. 1(c) . A picosecond pulsed laser diode at 488 nm was used to excite EGFP, an 532 nm laser was switched by an acousto optical modulator to excite Alexa532, and a pulsed laserdiode at 635 nm excited Cy5. The use of two consecutive dichroic beam splitters in the excitation pathway enabled the alignment of all three laser beams. The three-laser approach was applied in initial experiments to identify the fraction of triple-labeled F O F 1 -ATP synthases as shown in Fig. 2(a) . 35 For the triple-FRET experiments in the presence of ATP and during ATP synthesis, it was revealed that optimized alternating excitation with two lasers at 488 and 532 nm was sufficient to identify the triple-labeled enzymes. Triggering one laser and switching one acousto optical modulator, referred to as AOM, was accomplished by a programmable arbitrary waveform generator with 1 ns time resolution and 8 output channels for synchronization. Sequences of three 488 nm pulses, each delayed by 12 ns, proceeded one AOM switching cycle of the 532 nm laser for 60 ns. The overall cycle time was 96 ns as shown in Fig. 2(b) . With this excitation scheme, the number of photons detected in the EGFP channel could be maximized while maintaining a separated and long on-time for 532 nm excitation. The excitation optimization was necessary because the narrow interference filter in the EGFP channel resulted in a reduced detection efficiency of only η D ¼ 0.19 in contrast to our previous FRET measurements with a different filter η D ¼ 0.364. 39 In single molecule detection, increasing the excitation power causes increased photobleaching probabilities and populates the non-fluorescent dark triplet state of the fluorophore. 43 Therefore, peak powers of pulsed lasers must be low, but repetition rates can be high. Switching a cw-laser on and off is limited by the switching times of the AOM and, for the off-switching, by the fluorescence lifetime of the dye. Accordingly, fluorescence intensities of single fluorophores are maximized by long continuous on-times of the laser. Because we were searching for fluctuations in the FRET distance measurement between Alexa532 and Cy5 as the important information, we could reduce the duty cycle for the FRET measurement of the catalytic turnover or overall rotor motion in F O F 1 -ATP synthases, i.e., between EGFP on the static a-subunit and the two other dyes being the combined FRET acceptors on the rotary subunits. Briefly, about an 1-to-2 excitation ratio for the FRET measurement of rotation, a versus ε∕c, and the FRET measurement of associated elastic deformations within the rotor, ε versus c was found to be a good compromise with high photon count rates for both FRET measurements.
Generating the Two Synchronized Time Trajectories for Elastic Deformation Analysis
The duty cycle-optimized alternating excitation scheme allowed to sort the detected photons with respect to the exciting laser. The arbitrary waveform generator not only triggered the two lasers but also set the time base of 96 ns cycle time for the synchronized TCSPC electronics. All photons detected in the first 43 ns of the cycle were attributed to 488 nm excitation for EGFP fluorescence in the FRET donor channel 1 and Alexa532 in channel 2 plus Cy5 in channel 3. Photons in the three detection channels were binned to 1 ms time intervals to generate the time trajectories for FRET analysis as shown by the blue and green traces in Fig. 2(b) . Due to the filter characteristics for the Alexa532 detection channel 2, a large Raman scattering signal dominated the photon count rate following 488 nm excitation pulses. Therefore, we cut off the Raman scatter using micro time windows after the 488 nm pulse. For the FRET acceptor time trajectory, mainly Cy5 photons in channel 3 could be used in addition to few photons from Alexa532. Because of a mixed contribution of both fluorophores acting as FRET acceptors for EGFP, a distance calculation based on corrected FRET efficiencies was not possible. Instead we used an apparent proximity factor P ¼ I ðCy5þAlexa532Þ ∕ðI EGFP þ I ðCy5þAlexa532Þ Þ with fluorescence intensities in the three detection channels corrected for remaining background. A stepwise proximity factor change within a single photon burst could be used to unequivocally indicate a catalytically active rotary F O F 1 -ATP synthases at work. Similarly, photons in the micro time window between 43 and 96 ns in the 532 nm excitation cycle were binned to 1 ms time intervals. Initially, FRET time trajectories were calculated using background subtraction of 2 kHz for the FRET donor Alexa532 and of 1 kHz for the FRET acceptor Cy5. Given the fluorescence quantum yields of the dyes (ϕ D ¼ 0.61 for Alexa532, ϕ A ¼ 0.28 for Cy5) and the detection efficiencies of our microscope setup (η D ¼ 0.22 for Alexa532; η A ¼ 0.36 for Cy5), cross talk of donor fluorescence detected in the acceptor channel of 2.26% and vice versa of 0.01% was compensated. Detection efficiencies of the fluorophores were computed by multiplying the spectral filter characteristics of beam splitters, dichroics, interference filters and the spectral sensitivity of the APDs with the fluorescence spectra of the dyes as described previously. 31, 40 The correction factor γ ¼ ðη A · ϕ A Þ∕ðη D · ϕ D Þ comprises both detection efficiencies and quantum yields. Thus, we determined the FRET efficiency E FRET ¼ I ðCy5Þ ∕ðI ðCy5Þ þ γI ðAlexa532Þ Þ quantitatively using the calculated correction factor γ ¼ 0.77. Next, we calculated the actual distance r DA as a distance time trajectory based on the software "FRET TRACE" which was developed by Schröder and Grubmüller, 44 and implemented in our software "Burst_Analyzer." This probability calculation of distance changes enabled us to increase the apparent time resolution from 1 ms binning to 100 μs shown in the upper panels in Figs. 3 and 4 and, therefore, to identify the distance changes more convincingly in a manual analysis.
Elastic Deformations Between ε and c During ATP Hydrolysis
Having sorted the single photons from the three fluorophores to the two time traces, we searched for photon burst showing all three dyes attached to a F O F 1 -ATP synthase in the presence of 1 mM ATP. Within a single photon burst, the proximity factor trace had to show stepwise changes indicating the common rotational movement of the rotor subunits ε and c with respect to the static a-subunit. As shown in Fig. 3(a) , the relative fluorescence intensities of EGFP, shown by the blue trace in lowest panel, and the sum of Alexa532 and Cy5, indicated by the green trace in lowest panel, changed stepwise. After 70 ms, a low mean proximity factor, P ¼ 0.25, switched to a medium value of P ¼ 0.5 with strong fluctuations. At approximately 105 ms, another stepwise change of the proximity factor to P ¼ 0.8 was detected until the F O F 1 -ATP synthase diffused out of the laser focus after 200 ms. These proximity factor changes indicated the overall rotation of the εand c-subunits.
We then analyzed the corresponding FRET efficiency changes within this burst by examining the intensities of Alexa532 and Cy5 when excited with 532 nm. As seen in the distance trajectories, indicated by the bluish trace in upper panel, the internal distance between the donor on ε56 and the acceptor on one of the c-subunits was initially about 5.2 nm for 60 ms. Just before the time when the rotor moved stepwise, this distance changed as well from 5.2 to 4.5 nm. At the second step of the rotor at 105 ms, the mean ε-c distance also changed from about 4.6 to 4.1 nm. For a given rotor state, the ε-c distance clearly fluctuated back and forth as seen in the anticorrelated donor and acceptor fluorescence intensities. Fig. 3 (a-e ) Photon bursts of triple-labeled F O F 1 -ATP synthases during ATP hydrolysis with 1 ms binning. In the lowest panel overall rotation is controlled by changes of the relative intensities of FRET donor EGFP upon 488 nm excitation, indicated by a blue trace, and Alexa532/Cy5 as green trace. In the penultimate panel the calculated proximity factor trace is shown in grey. The panel with Alexa532 and Cy5 traces shows the corresponding fluorescence intensities upon 532 nm excitation. The upper panel depicts the calculated FRET distance between Alexa532 and Cy5 using the program "FRET_Trace." 44 For example, the ε-c distances fluctuated in the time window from 105 ms to 170 ms in the range from 4.0 to 4.6 nm for the high FRET orientation with P ¼ 0.8, or from 105 to 170 ms. Therefore, internal elastic changes of the rotor were observed in an enzyme showing the overall rotation of the motor. Figure 3(b) shows a similar behaviour of a single F O F 1 -ATP synthase during ATP hydrolysis. The proximity factor trace in Fig. 3(b) , shown in grey in penultimate panel, corresponded to fast rotation of the rotor and the ε-c distance fluctuated between 4.2 and 5.5 nm. In Fig. 3 (c) a clear stepping of the rotor was detected according to the proximity factor changes from low FRET for the first 130 ms to a short medium FRET state and a high FRET state was detected. The ε-c distance changed near the turning point of the rotor. In Fig. 3(d) , the F O F 1 -ATP synthase time trajectory was analyzed only between 80 ms to 140 ms showing again the proximity factor changes from low to medium to high FRET. Associated with the stepping of the rotor, we found fluctuations between 4.2 and 4.6 nm of the ε-c distance. Again, the overall rotation of the motor was detected in the proximity factors trace, and correlated with the elastic deformations between ε and c.
Conversely, the enzyme in Fig. 3 (e) showed clearly detectable distance changes between the two coupled rotor subunits. The proximity factor maintained a value of P ¼ 0.25 throughout the photon burst. However, a continuous decrease of the ε-cdistance was observed. The interpretation remains unclear at this point.
Elastic Deformations Between ε and c
During ATP Synthesis
Using the reconstituted F O F 1 -ATP synthase, we not only increased the observation time in the confocal volume, but we could also generate the necessary proton motive force to drive the enzyme in ATP synthesis direction. Equilibration of the proteoliposomes in an acidic pH 4.7 yielded a high proton concentration within the liposomes. Mixing these liposomes with a basic buffer at pH 8.8 and with high [K þ ] established the PMF immediately before the FRET measurements. In the presence of 100 μm ADP plus 5 mM phosphate, ATP synthesis resulted in step wise changes of the proximity factor P within a single F O F 1 -ATP synthase trajectory. As shown for an active enzyme in Fig. 4(a) , the rotor was in a low FRET orientation with a mean P ¼ 0.3 before changing to P ¼ 0.5 after 65 ms, and changing again to P ¼ 0.7 after 90 ms. The ε-c distance fluctuated from 5.0 to 6.0 nm during the medium FRET orientation of P ¼ 0.5 before it switched to 4.0 nm at about 100 ms. Other enzymes showed a less pronounced fluctuation of the internal rotor distances. In Fig. 4(b) , the distances did not fluctuate while the rotor showed large changes in the proximity factor trace. The F O F 1 -ATP synthase in Fig. 4 (c) exhibited the step wise rotor motion with ε-c distances fluctuating slightly between 5.1 and 5.5 nm. In Fig. 4(d) , the distance fluctuations between 4.2 and 4.8 nm were associated with changes in the proximity factor trace of the active enzyme. Similarly, the enzyme in Fig. 4 (e) showed fluctuations in the ε-c distances associated with an overall rotary motion during ATP synthesis conditions.
Simulations of Elastic Deformations Between ε and c
How to analyze the triple-FRET trajectories of active enzymes? Beyond a qualitative revealing of fluctuations between ε56 and c2 during catalysis, the question arises how far the rotor is deformed. Briefly, is it twisted by 36, 72, 108 deg, or even more? Is there a difference in elastic rotor deformations for ATP synthesis and for ATP hydrolysis conditions? Because the present FRET dataset is still too small, we simulated the effects of different degrees of twist on the distribution of FRET distances. As shown in the model in Fig. 5(a) , we assumed a relative movement of c with respect to ε. Parameters to vary were (i) the distance between ε and c in z-direction, (ii) the position of ε with respect to the axis of rotation and (iii) the size of the c-ring. To generate FRET distance 1 versus 2 plots, we also varied the apparent resolution of a position in our simulations. Given a Förster radius R 0 ¼ 5.3 nm, 5000 data points were simulated with an apparent mean sum intensity of 200 kHz. Plotted in Fig. 5(b) are the FRET distance changes for consecutive FRET levels d 1 → d 2 for all possible ε-c combinations for the case of 36 deg elastic deformations. In Fig. 5(c) the associated plot of the differences between three consecutive FRET levels is shown, i.e. between a 36-deg elastic deformation (Δd 12 ) followed by a second 36-deg deformation (Δd 23 ). For the 36deg stepping of c, only small distance changes were expected, and the Δd 12 → Δd 23 transitions changed from −0.5 to −0.5 nm, or from þ0.5 to þ0.5 nm.
In contrast, if we assumed 108-deg deformations of the rotor or moving of one c with respect to ε in three fast 36 deg steps, the resulting FRET distance transition plot in Fig. 5(d) shows a distinct two dimensional distribution with larger distance changes, such as from 5.1 to 6.1 nm and vice versa. In the associated FRET difference transition plot (Δd 12 → Δd 23 in Fig. 5(e) , the larger deviations changed the shape of the distribution. Only if the c-ring is moving up to 108 deg, FRET distance changes from Δd 12 ¼ þ1.0 nm to Δd 23 ¼ −1.0 nm and vice versa are possible. Therefore, once a statistically sufficiently large experimental FRET dataset has been measured, it can be interpreted and the deformation extend can be extracted from the two dimensional histogramseven for the case of up to 10 slightly different ε-c-labeled F O F 1 -ATP synthases.
Discussion
In summary, we labeled the F O F 1 -ATP synthase specifically with 3 fluorophores. We established a duty cycle-optimized alternating laser excitation scheme to monitor the overall rotary motion during catalysis and, simultaneously, the internal elastic deformations of the two coupled subunits ε and c of the rotor. The single-molecule triple-FRET data shown here could be analyzed qualitatively by manual inspection of the distance time trajectories in single photon bursts. With this experimental setup, any perturbing influence of the surface as well as any slowdown of rotation caused by viscous drag of large actin filaments or beads was avoided. Furthermore, it was possible to measure FRET changes during ATP synthesis conditions by a quick buffer exchange after incubating liposomes with a buffer of low pH.
For both catalytic conditions, ATP hydrolysis and ATP synthesis, we found distance fluctuations between the two marker positions on the rotor part of F O F 1 -ATP synthase. These distance fluctuations ranged from 0.4 to 1.3 nm indicating an elastic deformation between the c-ring and ε for more than one step, or more than 36 deg, respectively. However, the overall number of analyzed enzymes was not sufficient to quantitatively compare the experimental distribution of FRET distance changes with the simulations.
How to improve the threecolor FRET approach? The photophysics of the three fluorophores has to be optimized, 43 such as changing EGFP to Alexa488 as the primary FRET donor using a SNAP-tag fusion on the static subunit a. The second FRET donor should be changed to a rhodamine, with red-shifted absorbance and fluorescence, such as Atto565. Thus, the detection efficiency of the primary donor can be significantly increased using the appropriate broad interference filter in the detection pathway. Finally, the FRET acceptor can be changed to Atto647N with a much higher quantum yield. Therefore, the number of photons from all fluorophores is expected to be significantly higher resulting in an increased precision of FRET distance calculations, which is required to compare singlemolecule FRET data with elasticity measurements using polystyrene beads attached to single surface-immobilized enzymes. Cross-linking of cysteine mutants has been applied to determine the stiffness of the internal and protruding part of the rotor subunit γ in surface-bound F 1 parts 45 and F O F 1 . 46, 47 Assuming that both the internal and the protruding part of γ are compliant, a torsional angle of 42 deg was calculated at a torque of 40 pN · nm. 45 This angle is large enough to bridge both gears of the F O F 1 -ATP synthase. Torque generation in the F 1 part was estimated in more detail by applying the fluctuation theorem. 48 The peripheral stalk comprised by the right-handed double helix of the dimeric b 2 subunits 49 is rigid. 50 Accordingly, the c-ring can move back and forth around 15 deg with respect to a fixed F 1 . Stepwise fluctuations of the c-ring have been found for the ATP synthase from Thermus thermophilus, 15 mostly fluctuating between one step forwards and one backwards. In this instance, the intramolecular FRET measurements of the elastic ε∕c deformations indicate possible fluctuations of more than 36 deg. However, limited by a time resolution of 1 ms, fast and small steps were not resolvable in contrast to high-speed imaging of c-ring rotation using light-scattering probes. 14 The main difficulty of our approach is the collection of a significantly large FRET dataset. Due to low labeling efficiencies of cysteines in ε and especially of c, only a few F O F 1 -ATP synthase comprised all three fluorophores. Furthermore, following geometric considerations to resolve the internal elastic deformations with subnanometer precision, a specific c subunit is required for optimal FRET distance resolution. Labeling one of the 10 c subunits specifically cannot be controlled at all. Therefore, a very large number of triple-labeled F O F 1 -ATP synthases has to be sorted in order to select only the most promising enzymes. Nevertheless, this approach is technically feasible, and, only on a single-molecule basis, the complicated FRET changes from the mixture of labeled enzymes can be resolved. This seems to be an advanced extension of the original concept of fluorescence resonance energy transfer as developed by Theodor Förster 66 years ago. 51 
